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Abstract Methamphetamine (METH) has been shown to
induce neurotoxicity. In a previous human study using
quantitative Western blotting and radioligand binding
assay, dopaminergic terminal marker deficits were induced
in chronic METH users. In this study, we examined the
suitability of the immunohistochemical detection of tyro-
sine hydroxylase (TH), dopamine transporter (DAT), and
vesicular monoamine transporter-2 (VMAT?2) levels, and
caspase-3 activation in the striatum to diagnose METH
abuse. Decreases in TH immunoreactivity in the nucleus
accumbens and DAT in the nucleus accumbens and
putamen were induced in METH users, whereas a signif-
icant difference of VMAT2 was not evident between
METH and control groups. However, in the nucleus
accumbens of two METH users, levels of VMAT?2, a stable
marker of striatal dopaminergic terminal integrity, were
reduced remarkably. These findings might indicate that
dopaminergic terminal degeneration is induced in the
striatum of some METH abusers. On the other hand, we
observed little caspase-3 activation, indicative of apoptosis,
in the striatal neurons of chronic METH users. Overall, the
findings of dopaminergic terminal markers were similar to
those in the previous human study. Therefore, it is
suggested that immunohistochemical techniques could be
used to examine dopaminergic terminal marker levels and
could also give useful information on chronic and/or lethal
METH use in cases of METH-related death, where METH
intoxication may not be toxicologically demonstrated.
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Introduction

Methamphetamine (METH) is an illicit drug abused
worldwide. METH neurotoxicity is characterized by the
long-term depletion of striatal monoamines, such as
dopamine and serotonin, as well as monoaminergic
markers. The METH-induced release of dopamine gen-
erates reactive hydrogen species, which are proposed to
play an important role in METH neurotoxicity [2, 7].
METH can induce decreases in the immunoreactivity (IR)
of dopaminergic terminal markers, such as tyrosine
hydroxylase (TH), dopamine transporter (DAT), and
vesicular monoamine transporter-2 (VMAT2) in rodents
or nonhuman primates [3, 4, 11, 12, 23]. TH is the rate-
limiting enzyme in dopamine and noradrenaline synthesis.
DAT, a transmembrane protein, removes dopamine from
the synapse and returns it to the presynaptic terminal.
VMAT?2 transports dopamine, serotonin, and norepineph-
rine from the cytoplasm into specialized secretory vesicles.
METH causes monoamine displacement from these vesi-
cles by interacting with VMAT2. VMAT?2 is thought to be a
stable marker of striatal dopaminergic terminal integrity
[11, 25].

In a previous human study, radioligand binding assay
and quantitative Western blotting demonstrated dopami-
nergic terminal marker deficits in chronic METH users
[27]; however, these methods are not routinely available for
brains from forensic autopsy cases because such brains are
very often fixed in formalin or other fixatives for
neuropathological examination. To detect alterations in
various kinds of protein levels in fixed tissue, immunohis-
tochemistry is widely used, and quantitative analysis of
histological images can give useful information on the
estimation of human brain damages [13—15].

In addition to dopaminergic marker deficits, other studies
have demonstrated METH-induced apoptosis, character-
ized by distinct morphological changes, such as membrane
blebbing, nuclear condensation, and fragmentation of
genomic DNA, in the neurons of animals [3, 6, 17].
Caspase-3 has been shown to play the role of executioner
most downstream in the apoptotic pathways. Previous
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studies have suggested that the detection of neuronal
apoptosis after human brain injury could contribute to
forensic wound age estimation [8, 14]. To date, there is no
evident neuronal loss in areas with decreased dopaminergic
marker levels in rodents and nonhuman primates [11, 12].
METH might also injure neurons via apoptosis-indepen-
dent mechanisms [19]. The question of whether apoptotic
mechanisms occur in the striatum of chronic METH abusers
remains unsolved.

In this study, we applied immunohistochemical methods
to examine dopaminergic terminal marker levels and
investigated apoptotic pathways in the striatum of METH
users. It has been shown that in situ labeling techniques,
such as in situ nick translation or TdT-mediated dUTP
nick-end labeling, are useful to demonstrate neuronal
apoptosis in human brain injury [14]. In this study, we used
an antibody for cleaved caspase-3 to detect apoptotic
pathways because immunostaining of cleaved caspase-3 is
useful to detect apoptosis in paraffin sections [8, 10], and
DNA fragmentation can be induced in necrotic neurons and
brain tissue with longer postmortem intervals [1].

Materials and methods
Cases

Brain samples from 11 chronic METH users (nine males,
two females; mean age, 31 years old) and 11 drug-free
control subjects (seven males, four females; mean age,
32.7 years old) were examined. METH cases are
summarized in Table 1. To select cases, toxicological
screening was tested with Triage (Biotest, San Diego,
USA) and the quantitative analysis described later. The
control group had no history of METH use and tested
negative for METH and other recreational drugs in the
urine and/or blood. In this study, we selected METH users
whose cause of death was acute methamphetamine intox-
ication because they might have self-administered enough
METH to induce oxidative damage. METH was detected in
both blood and urine samples in cases 1-10 and only in
urine in case 11. We could not obtain detailed drug histories
from the METH users because of a lack of reliable
information in most cases. Hair samples from all METH
users were METH-positive, indicating that all METH users
in this study were chronic drug users. The causes of death
of the control subjects were bleeding (n=7), asphyxia
(n=2), and ischemic heart disease (n=2).

METH quantitation by gas chromatography/mass
spectroscopy

Hair samples were collected in 1-cm segments relative to
the root, washed in distilled water, and dissolved in 10%
NaOH overnight. The dissolved samples were extracted
with n-hexane. Samples of blood and urine were added to
sodium borate and extracted with ethyl acetate. The
extracts of hair, blood, and urine samples were dried after

Table 1 Information on METH users in this study

Case no. Sex Age (years) Postmortem interval (h)
1 M 44 24
2 M 29 8
3 M 42 19
4 M 24 23
5 M 34 13
6 F 31 21
7 M 22 24
8 M 23 12
9 M 45 24
10 F 18 19
11 M 29 10

M male, F female

Blood METH levels: 0.5-17.0 mg/ml (cases 1-10), negative
(case 11)

Urine METH levels: 0.4—43.5 mg/ml (cases 2-6, 8, 9, 11),
not available (cases 1, 7, 10)

acidifying with one drop of acetic acid. The dried extracts
were dissolved in ethyl acetate, derivatized with trichloro-
acetic anhydride and analyzed with gas chromatography/
mass spectroscopy (GC/MS).

GC/MS was performed on a Shimadzu GCMS-
QP5050A (Kyoto, Japan) and operated in electron impact
mode at 70 eV. A DB-1 column (30 m by 0.53 mm inner
diameter and 1.5 mm film thickness), obtained from J&W
Scientific (Folsom, CA, USA), was run using helium as the
carrier gas at a flow rate of 8§ ml/m. The injector
temperature was 250°C, and the GC/MS interface temper-
ature was 230°C. The initial temperature was 80°C for
5 min, followed by an increase of 10°C/min to 200°C.

Immunohistochemical staining

Brains were fixed in buffered formalin fixative. The
nucleus accumbens, putamen, and caudate were embedded
in paraffin and cut into 6-um thick sections. After
deparaffinization, the sections were incubated with anti-
TH (monoclonal, mouse, 1:1,000, Chemicon International,
Temecula, CA), anti-DAT (polyclonal, rabbit, 1:100,
Chemicon International), anti-VMAT2 (polyclonal, rabbit,
1:200, Chemicon International), and anti-cleaved caspase-
3 (polyclonal, rabbit, 1:200, Cell Signaling Technologies,
Beverly, MA) antibodies. After incubation of primary
antibodies, the DAKO ENVISION System (DakoCytoma-
tion, Kyoto, Japan) was used for incubation with primary
antibodies and visualization with 3-3’-diaminobenzidine
tetrahydrochloride. Before immunostaining, the sections
were pretreated in 0.01 M citrate buffer, pH 6.0, with
hydrated autoclaving for 10 min. As a positive control for
cleaved caspase-3 immunostaining, we used brain tissue
with ischemic damage from a 67-year-old female.
Neuron-specific enolase (NSE), a neuronal marker, was
not affected in chronic METH users [27], so we immuno-



stained the protein using anti-NSE antibody (monoclonal,
mouse, no dilution, DakoCytomation) as a primary anti-
body and then visualized the sections as described above.
There was no significant difference of perikaryal NSE-IR
between both groups (p>0.05, data not shown).

For the measurement of dopaminergic marker levels,
images were captured by a digital camera (DXM1200F,
Nikon, Tokyo, Japan) connected to a microscope (Eclipse
80i, Nikon) with an objective x20. The images were
transformed into 8-bit grayscale files on Adobe Photoshop
7.0 and analyzed using Imagel] 1.34s software (NIH,
USA), as previously reported [26]. Briefly, digitalized
images were thresholded in ImageJ using the threshold
tool, with visual comparison made to the original grayscale
images. Thereafter, particle analysis for each image was
carried out using the analyze particle tool.

Statistical analysis was by unpaired ¢ test. Differences
were considered statistically significant at p<0.05.

Results
Dopaminergic terminal markers

TH immunohistochemistry in the nucleus accumbens
showed decreases in TH-IR in the METH group compared
with control subjects (Fig. 2a,b). Statistical analysis
revealed a significant decrease in TH-IR in the nucleus
accumbens (—53%, p<0.01), although there were no sig-
nificant differences in the other two subdivisions (Fig. 1a).

DAT was immunostained densely and heterogeneously
in the striatum (Fig. 2c), as previously reported [5], and
decreased DAT-IR was observed in METH users (Fig. 2d).
There were remarkable reductions in DAT-IR in the
nucleus accumbens and putamen (—60%, p<0.05; —59%,
p<0.05, respectively) of METH cases, and the DAT level in
the caudate showed a reduction (—21%), but not sig-
nificantly (p>0.05)(Fig. 1b).

Although VMAT2 in the nucleus accumbens and
putamen of the METH group reduced by 31 and 29% of
the control, respectively, but not significantly (p>0.05)
(Fig. 1c), image analysis in individual cases revealed that
the nucleus accumbens of two METH cases (cases 10 and
11) showed over 90% reduction in VMAT2-IR, accom-
panied by profound decreases in TH-IR (=96 and —76%,
respectively) and DAT-IR (=92% and —96%, respectively).
The immunostained images of a control subject and case 11
are shown in Fig. 2e,f.

Caspase-3

We employed cleaved caspase-3 as an apoptotic marker in
this study. In the ischemic brain of a 67-year-old female,
immunostaining revealed cytoplasmic localization of
cleaved caspase-3 in some neurons (Fig. 2g), whereas
caspase-3 activation was not evident in the striatum of any
METH users (Fig. 2h) or in the control group.
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Fig. 1 Quantitative analysis of dopaminergic terminal marker levels
in the striatum of control (openbars) and METH groups (filledbars).
a TH, b DAT, ¢ VMAT2. Data are expressed as the mean values
+SEM (bars) percentages of control. **p<0.01; *p<0.05, sig-
nificantly different from the control group. NAc Nucleus accumbens,
Pt putamen, Cd caudate

Discussion
Dopaminergic terminal markers

In this study, immunohistochemical staining demonstrated
significant decreases in TH-IR in the nucleus accumbens.
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Fig. 2 Immunostaining of TH
(a, b), DAT (¢, d), VMAT2

(e, ), and cleaved caspase-3

(g, h) in the nucleus accumbens. s ;
Remarkable decreases in : oy - S
dopaminergic terminal 2
marker-IR were observed in

case 11 (b, d, f) compared with

the brain of a control subject

(29-year-old male who died of
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caspase-3 was observed in the a
cytoplasm of neurons (arrows) v

of a 67-year-old female with g ) x
brain ischemia (g). On the other ?
hand, caspase-3 activation was
not evident in the nucleus
accumbens with dopaminergic
terminal marker deficits of case :
11 (h). Bar, 50 um A ¢

N

, w2y

There were significant decreases in DAT-IR in the nucleus
accumbens and putamen of METH users, and the DAT
level in the caudate was reduced, but not significantly. On
the other hand, Western blotting detected a decrease in
DAT levels in the caudate, as well as DAT reductions in the
nucleus accumbens and putamen [27]. However, DAT
reduction in the caudate was less remarkable than in other
striatal subdivisions, and one of two radioactive ligand
bindings was normal [27]. Overall, our findings were
similar to the previous study. Therefore, immunohisto-
chemical techniques could be suitable to detect dopami-
nergic terminal marker deficits in forensic autopsy cases.
Different to TH and DAT levels, a significant decrease
in VMAT?2 level was not evident in the METH group, and
our results are consistent with previous findings in human
METH users [27], supporting the notion that VMAT?2, a
stable marker of striatal dopaminergic terminal integrity,

" h
X

might not be a sensitive marker of METH neurotoxicity
[11, 25]; however, our study demonstrated that VMAT2-
IR, together with TH-IR and DAT-IR, was remarkably
decreased in the nucleus accumbens of two METH users
(cases 10 and 11), suggesting that dopaminergic terminal
degeneration is induced in the striatum of some METH
abusers. One of the METH cases (case 11) might have
survived more than 24 h after a high dose of METH
administration, because METH was negative in the blood
sample. Prior studies in rodents revealed decreased
VMAT?2 levels 6 days after neurotoxic administration
regimes of METH [9, 16], indicating that VMAT?2 levels in
the striatum fall long-term after high-dose METH
administration. Taken together with our findings and
with that of previous studies, VMAT2 deficits in the
striatum might be indicative of long-term survival after
METH administration.



Another METH case (case 10) with dopaminergic
marker deficits might have died within 24 h after lethal
METH exposure because METH was positive in the blood
and urine, suggesting other factors might affect dopami-
nergic marker levels. The repeated administration of
METH at low doses, which is similar to the patterns of
recreational use, blocked the depletion of dopamine,
serotonin, and their metabolites induced by toxic doses of
METH [18, 24]. In addition, the activity of the enzyme
copper—zinc superoxide dismutase, responsible for the
conversion of superoxide to hydrogen peroxide and
molecular oxygen, was induced in chronic METH users
[22]. On the basis of these previous investigations,
protective mechanisms against METH-induced dopami-
nergic terminal degeneration might be induced to some
extent by recreational METH use; however, the extent of
dopaminergic marker deficits might be exacerbated when
such mechanisms are not induced.

Caspase-3 activation

The lack of caspase-3 activation in the striatum containing
dopaminergic marker deficits in this study failed to confirm
the involvement of apoptotic mechanisms in METH
neurotoxicity of human abusers. Previous studies demon-
strated caspase-3 activation and DNA fragmentation in
METH-treated animals and cultured cells with severe
dopaminergic terminal marker deficits [3, 6, 17]. A recent
study revealed that a regime of escalating doses of METH
suppressed hyperthermia induced by toxic doses of the
drug [24]. In addition, brain-derived neuronal factor, which
is induced in rat brains by repeated low-dose amphetamine
administration [21], inhibits caspase-3 activation and
increases neuronal viability [20]. These findings suggest
that the repeated administration of METH might inhibit or
decelerate caspase-3 activation in METH users. On the
other hand, it has been suggested that METH induces
neuronal damage via apoptosis-independent mechanisms
[19]. Further studies will be needed to establish neuronal
changes in METH users.

Conclusion

We failed to detect immunohistochemical evidence of
caspase-3 in the striatum of METH users; however, we
demonstrated that immunohistochemistry could detect the
dopaminergic terminal marker in METH users, and these
findings might be useful in diagnosing METH-related
death in cases where little or low METH is detected
toxicologically in postmortem samples because of longer
survival periods after lethal METH use.
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